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1 * In~odu~on 
The translation of the genetic information con- 
tained in the messenger RNA is based on the recogni- 
tion between codon and anticodon. The first two 
positians of the codon are read by the anticodon 
strictly according to the rules of classic base pairing. 
Wowever, in the reading of the third codon position 
by the wobble nucleotide of the a~tic~dQ~ a greater 
degree of freedom must be postulated in order to 
allow for the discrepancy between the large number 
of codons in a degenerate code and the limited 
number of anticodons available for reading them. In 
his wobble hypothesis [I] Crick has laid down the 
restrictions which presumably govern the reading of 
the third codon position. Obviously, the reading of 
this position must be restricted in alI cases where 
there would otherwise be a mistake in the synthesized 
protein. For intance, in the phenyl~~ine~eu~~e 
codon group QJUU, UUC, UUA and UUG), an anti- 
codon with Gin the wobble position cannot recognize 
the codons UUA and UUG because that would lead 
to the in~oduction of phenyl~an~e instead of 
leucine. We have introduced the term codon family to 
denote a group of four codons which all code for the 
same amino acid and we have asked ourselves if the 
rules of the wobble hypothesis apply as strictly here 
Abbreviations: tkNALYSs lysine tRNA; U*, J-oxy+cetic acid 
uridine monophosphate; SW, S-methoxy~b~~y~ethy~- 
2-thio uridine monophosphate. MSH, me~ca~toethanol; 
PCA, pexchloric acid; 
A triplet of nucleotides in parentheses after a tRNA denotes 
the ant&don: tRNALys @XKQ, iysine tRNA with anti- 
codon GW 
as in the phenyl~a~e~euc~e case, in spite of the 
fact that it makes no difference to translational 
fidelity how the third position of the codon is read 
because the ffrst two codon nucleotides are enough to 
specify the amino acid. To answer this question, the 
codon-anticodon recognition in the valine codon 
family was ~vestigated by using an in vitro system 
from E~~~e~c~~ff co& pro~ammed with MSZ-RNA, in 
which under normal ~on~iions most of the protein 
synthesized isMS2 coat protein. The primary structure 
of the coat protein cistron in MS2-RNA has been 
determined and can be compared to the known amino 
acid sequence of the coat protein 121. By measuring 
the incorporation of labeled valine from valyl-tRNAs 
with different anticodons into peptide positions 
corresponding to the four valine codons (GW, GUC, 
GUA and GUG) we could show that each of the 
valine anticodons tested (U*AC, GAC and IAC) 
recognized all four valine codons 131. On the basis of 
these results we postulated the existence of an alter- 
native reading method which we referred to as 
reading ‘two aut of three’, d~aregard~g thethird 
codon nu~leotide, We also suggested that ‘two out of 
three’ misread~g could take place in all codon 
families and a theory was developed which implied 
that the genetic ode is organized in such a way as to 
prevent he ‘two out of three’ method from being 
used when it might compromise translational fidelity, 
i.e., anywhere outside the codon families 141. This 
hypothesis predicts, for instance, that while mis- 
reading by ‘two out of three’ can be tolerated in the 
vaIine codon family it is prohibited in the reading 
of the fysine codons. 
In a recent pub~ca~on IS] Mitra has used the 
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MS2-RNA programmed system to investigate the 
ability of tRNAtvS (CUU) to read the codon AAA, 
the predominant lysine codon in the MS2 coat 
protein cistron, which contains five AAA codons 
and only one AAG. No attempt was made to 
authenticate the product of the reaction but Mitra 
nevertheless claims that >90% of the protein formed 
in his experiment, measured as acid-precipitable 
counts, is coat protein and he concludes that 
tRNAkYS (CUU) recognizes the codon AAA under 
his conditions of in vitro protein synthesis. In what 
follows we will show that this claim is unfounded 
and the conclusion erroneous. With lysyl-tRNA;ys 
(CUU) as the only source of lysine for protein 
synthesis there is no detectable formation of coat 
protein in the system and we must consequently 
conclude that tRNAtvS (CUU) cannot read the 
codon AAA. 
2. Materials and methods 
2 .l . Preparation of antiserum 
Lysine:tRNA ligase from E. coli was purified to 
homogeneity as in [6,7]. The enzyme was dissolved 
in 0.5 ml 0.05 M K-phosphate buffer (pH 7.5) to 
give 1 mg enzyme/ml final cont. This solution was 
mixed with an equal volume of Freunds complete 
adjuvants. Female albino rabbits were injected sub- 
cutaneously in the back with this solution. The injec- 
tion was repeated 3-4 times, using Freunds incom- 
plete adjuvants, with 2 weeks between each injection. 
The rabbits were bled by cardiac puncture and the 
immunoglobulins were purified essentially as in [8] 
and dialysed against 0.01 M NaCl-0.01 M Tris-HCl 
(pH 7.5) prior to use. 
2.2. Purification of tRNA 
Crude tRNA from yeast was obtained from 
Boehringer Mannheim. Chromatography on benzoylated 
DEAE-cellulose as in [9] separated tRNAtvS and 
tRNAkvS from each other. These tRNAs were further 
purified by using chromatography on benzoylated 
DEAE-cellulose after phenoxyacetylation of the 
esterified lysyl-tRNAs [lo] as in [3,11]. tRNAtYS 
(anticodon CUU) and tRNAkYS (anticodon s2UUU) 
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were also identified in a ribosome binding assay [ 121 
using their respective codon triplets, ApApG and 
ApApA [5]. The structure of the tRNA!vS was deter- 
mined in [ 131 and that of tRN%vSin [14]. The 
acceptor capacity of the tRNA fractions used was 
-1 nmol/A2ao unit. Esterification of tRNALYs was 
carried out essentially as in [3]. 
2.3. Conditions for in vitro protein synthesis 
Preparation of the S30extract from E. coli Q13 
cells was essentially as in [3]. The in vitro protein 
synthesizing system was as in [ 151 with the following 
modifications. Magnesium acetate was not included 
in mix I but added separately to give 11 mM final 
cont. in the incubation mixture. A mixture of 19 L- 
amino acids (without lysine) was added to give 
0.08 mM for each ammo acid. Following the addition 
of S30 extract corresponding to -200 clg protein, 
1 A260 unit of crude tRNA from E. coZi, 1 A260 unit 
ofMS2 RNAandO.l &i [14C]lysine (350 mCi/mmol) 
the total reaction volume was adjusted with water to 
50 fl final vol. When protein synthesis was carried 
out in the presence of antibodies the complete reaction 
mixture, which contained [r4C]lysyl-tRNA (instead 
of [‘4C]lysine) and a lOOO-fold excess of unlabeled 
L-lysine, was preincubated on ice for 2-3 min 
followed by incubation at 37’C for 30 min. The 
reaction was stopped by the addition of 1 ml 0.4 M 
PCA and the sample was hydrolysed for 20 mm at 
90°C. The sample was chilled and the precipitate was 
collected on Whatman GF/C 2.5 cm glass fiber discs 
and rinsed with 0.4 M PCA. Determinations of radio- 
activity were as in [3 1. 
For identification of the products formed under 
these conditions the following procedures were used. 
The reaction mixtures above and in table 1 were 
scaled up 100 times. The material insoluble in 0.4 M 
PCA was isolated as in [ 161, dissolved in 8 M urea- 
0.1 M MSH-O.l M NI&HCOs (pH 8.0) and chro- 
matographed on a calibrated column of Sephadex 
G-75 (2 X 100 cm). The eluate was monitored for 
radioactivity and the combined fractions corresponding 
to the coat protein peak were dialysed against dis- 
tilled water and lyophilized. This material was then 
digested with trypsin and the peptides were separated 
using chromatography and high-voltage lectrophoresis 
in two dimensions as in [3]. The radioactive spots 
were visualized by autoradiography. 
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3. Results 
3.1. Total protein synthesis measured as acid precip- 
itable radioactivity 
In order to compare the ability of lysine tRNAs 
with different anticodons to recognize the lysine 
codons AAA and AAG we have used an in vitro 
protein synthesizing system programmed with MS2- 
RNA. Under normal conditions this system synthesizes 
most of its protein as coat protein by preferential 
translation of the MS2 coat protein cistron which 
contains five AAA and only one AAG. The system 
used should preferably be strictly dependent on 
added lysyl-tRNA so as to rule out competition 
between lysyl-tRNAs as well as complications caused 
by transaminoacylation and re-esterification [3]. 
To accomplish this we used antibodies against lysine: 
tRNAligase from E. coli. The antibody preparation 
was found to completely abolish any incorporation of 
free lysine into protein in the system (table 1). The 
system was also free of transaminoacylation and 
reesterification. Two tRNALYs isoacceptors from 
yeast, tRNAtvs (CUU) and tRNAiys (s2UUU), were 
esterified with “C-lysine and their ability to sustain 
protein synthesis in the 1ysyLtRNAdependent 
system was investigated. The results showed that 
tRNA;ys (CUU) was less effective in this respect 
than tRNAkys (s2UUU) or unfractionated lysyl-tRNA 
from E. coli (table 1). A time curve (fig.1) showed 
that the incorporation of lysine into protein using 
lysyl-tRNAtyS (CUU) was considerably slower than 
when lysyl-tRNAkvs (s’UUU) was used and the same 
result was obtained when the reaction rate was 
studied as a function of the concentration of lysyl- 
tRNALys in the incubation (fig 2) . . 
3.2. Recognition of the lysine codons by tRNA+Y” 
(CUU) and tRNALYs (s2 UUU) 
The results presentid in section 3 .l . only show 
that polypeptide material, large enough to be acid 
precipitable, was formed in our in vitro system when 
lysyl-tRNAtYS (CUU) or lysyl-tRNAkys (s2UUU) was 
the only source of lysine for protein synthesis. In order 
to draw any conclusions about the ability of the two 
isoacceptors to read the lysine codons in the coat 
protein cistron, the product formed in the incubation 
Table 1 
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For information on the tRNAs used see sections 3 and 2.2. Conditions were as 
in section 2 with the modifications indicated in the table. Yields were calculated 
on the basis of [ “C]lysyl-tRNALyS added. The antibody preparation used caused 
a general depression of protein synthesis (not dependent on the inhibition of the 
1ysine:tRNA ligase) of -50% 
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10 20 30 LO 50 50 
min 
Fig.1, Incorporation of lysine from lysyl-tRNALys into 
protein and stability of lysyl-tRNALyS during protein 
synthesis in vitro. The incubation was as in section 2 and 
table 1. The amount of remaining [ Y]lysyl-tRNAtyS (A) 
and [“C]lysyl-tRNAyys (o) was calculated as the difference 
between radioactivity insoluble in cold and hot 
PE 
A. Lysine 
incorporation into protein from j’4C]lysyl+RNA, ys (A) and 
[ W]lysyl-tRNA, Lys (*) was determined as radioactivity 
insoluble in hot 0.4 M RCA. 
must be identified as coat protein. Figure 3 shows the 
results obtained when the reaction products were 
chromatographed ona calibrated Sephadex G-75 
column. When free [14C]lysine was used (without 
1 2 
IJM 
Fig.2. Rate of [ W]lyshte incorporation into protein as a 
function of f ‘“C]lysyt-tRNALyS concentration. Incubation 
was as in section 2 and table 1. For each concentration a time 
curve was obtained and the rate of incorporation was deter- 
mined from the linear part of the curve. The rate of incofpo- 
xation from ] ~~C]~y~~-tR~A~ys <A)and ( 14C]~~sy~-~NA~ys 
fo) was then pi&ted against he concentration of tysyi- 
tRNALyS, For further information see the legend to fig.1. 
60 60 120 ‘I40 
ml 
Fig.3* Chromatography of protein labebd with [“‘C]lysine 
in vitro on a Sephadex G-75. The chromatographic profiles 
represent experiments where free [ WIlysine (a), [ *Y’Z]lysyyi- 
tRNAtyS (A) and [ “Cjlysyl-tRNAf_yS (0) have been used, 
For further experimental details see section 2. The bars 
indicate how the chromatographic fractions were pooled for 
further identification in the experiments with [ r4C]lysyl- 
tRNAFYS (lower bars denoted I and II) and [ Y!]lysyl- 
tRNA$ys (upper bar). 
an~bod~~~~ +XI% of the labeled protein formed was 
eluted in the position to be expected for authentic 
coat protein while with [ “Cllysyl-tRNAkys (s2UUU) 
-50% of the labeled material appeared inthis position. 
When [14C]l~s~l-tRNA~YS (CUU) was used, however, 
the resulting chromatographic peak was very broad 
with a maximum that appeared significantly later 
than expected for coat protein. These results raised 
the possibility that with lysyl-tRNAFYS (CUU) we 
were producing some poly~ep~de material not related 
to coat protein. This suspicion was confirmed when 
the labeled protein synthesized inthe different experi- 
ments was digested with trypsin and the resulting 
peptides eparated by a combination of paper chro- 
matography and high-voltage electrophoresis [ 33 I
Inspection of fig.4 shows that when [ 14C] lysyl- 
tRNA:ys (s2UUU) was used the resulting protein 
fractions (pooled as indicated in fig.3) gave the 
pattern of lysine peptides to be expected for authentic 
coat protein. An identical pattern (not shown) was 
obtained when free [r4C]lysine was used. However, 
with ~14C]l~syl”t~~A~~~ (CUU) as the source of 
Iysine for protein syn~esis an entirely different result 
was obtained. fn this case the tryptic peptides had no 
resemblance to the pattern expected for coat protein. 
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6 ELECTROPHORESIS 
PEPPIDE SEQUEENCES 
S WAC ACC AUC AAA 
f Yr -Thr-ILe-Lys 
50 61 
8 GCA AUG CAA CGU CUC CUA AAA 
Alcr-Met-Gin-GLy-Leu-tpu-ly?c 
la7 113 
7 GUc ’ Gh6 GUG - GCU AAA 
Yoi - GLu 
82 
-Yol -Prc -iya 
66 
B UCA CAG GCU. UAIAC -AAA 
Sar -Gtn ;.Ato -Tyr -Lys 
39 43 
Fig.4b 






Fig.itV Finger printing of protein labeled in VW With [ “C]lysine. For experimental details see section 2. 
(a) Tryptic fingerprint showing the lysinc+eontaining peptides from MS2 coat protein which can be separated by a combinrttion 
of chromatography and high-voltage lectrupharesis. Peptide 11, which contains an N~terminaI Iysine, results from the pre- 
ferential cbavage between Arg 56 and Lys $7, retaining the bond between Lys 57 and Tyr 58 [ 171. 
(b) Sequences of the Iysine containing peptides shown in fig.4a and the correspondfug sequences in MSZ-RNA [ 2). 
(c) A~toradio~am showing the radioactive tryptic peptides labeled from I*4CfIysyI-tRNA, Lys. The c~omato~aphic fractions 
containing coat protein were pooled as indicated in fii.3. 
d) Auto~adio~~ ahowing the radioactive tryptic peptides labekd from ~l*~~I~syI~t~~A~ys. -The chromato~apbic fractions 
were poohed aa indicated in fIg.3. 
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Both fraction I and II (fig.3) from this experiment 
gave the same ~ngerp~nt with only slight variations 
in the intensities of the different spots in the auto- 
radiogram. 
From these results we conclude that tRNA!vs 
(CUU) cannot read the AAA codons in the MS2 
coat protein cistron. The limited amount of poly- 
peptide material formed with this isoacceptor is 
probably the result of reading the AAG-rich stretch 
of the replicase cistron. On the other hand, tRNAkYs 
(s2UUU) would seem to be able to read not only the 
AAA codons but also the single AAG codon, which 
in the coat protein cistron immediately precedes the 
codons co~espond~g to peptide 6 (fig.4). The fact 
that this peptide is labeled, strongly indicates that 
AAG must have been read. Direct proof of the 
reading of AAG must await suitable methods for 
cleaving the large and insoluble peptide corresponding 
to this codon. 
4. Discussion 
The results presented above clearly show that when 
lysyl-tRNAfYS (CUU) is the only source of lysine for 
protein synthesis in an in vitro system programed 
with MS2-RNA, there is no detectable fo~ation of 
MS2 coat protein. This is in contrast o the result 
when lysyl-tRNAkvS (s”UUU) or unfractionated lysyl- 
tRNA is the source of lysine. We must therefore con- 
clude that under our conditions of in vitro protein 
synthesis tRNAtvs (CUU) does not read the codon 
AAA, which makes up five of the six lysine codons 
in the cistron. To put it in another way, the lysine 
codon AAA cannot be misread by the Ywo out of 
three’ method, disregarding the third nucleotide. 
One may then ask why ‘two out of three’misreading 
is not allowed in the case of the lyshre codons when 
it is clearly permitted under the same conditions in 
the valine codon family (31, To ans---r this question 
we must briefly consider a hypothes [4] to account 
for the organization of the genetic ode in terms of 
the necessity of restricting ‘two out of three’ mis- 
reading to such situations where it could not com- 
promise translational fidelity. The hypothesis is based 
on the assumption that the probability of reading a 
codon by the ‘two out of three’ method is a function 
of the strength of the interaction between the anti- 
codon and the first two codon nucleotides. It is also 
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assumed that, in codon-anticodon recognition, an 
interaction of the G .C type,involv~g three hydrogen 
bonds, is stronger than an A - U interaction with only 
two bonds. The hypothesis further points out that 
the codons of the genetic ode are laid out in such a 
way that codons that represent ahigh probability of 
reading ‘two out of three’ are strictly confined to the 
codon families in which the ‘two out of three’ method 
can be used with impunity. On the other hand, those 
places in the code where this method could lead to 
translational errors are exclusively occupied by low- 
probability codons. This organization of the code and 
the competition with tRNAs having anticodons able 
to read all three positions of the codon would 
effectively prevent he ‘two out of three’ method 
from being used when it might compromise trans- 
lational fidelity. A prediction of this hypothesis i  
that misreading of the lysine codons by the ‘two out 
of three’ method should not be possible since these 
codons make only weak A . U type interactions in 
the first two positions. On the other hand, ‘two out 
of three’misreading would be allowed in, for instance, 
the valine codon family. 
An interesting question remains to be answered. 
Are there any restrictions in the ability of tR.N$vs 
(s2U~), to recognize the AAG codon in our system? 
It has been claimed that the introduction of an 
SH-group in the 2-position of the wobble nucleotide 
U restricts its ability to wobble with G in the third 
codon position [ 18,191. We are trying to answer this 
question in experiments where tRNAkvs (s2UW) 
and tRNA!YS (CW) compete with each other for 
the codon AAG in the MS2 coat protein cistron, 
We are indebted to Mm Anne-Marie von Essen, 
Miss Marianne Wedin and Miss Lena AhlstrGm for 
expert echnical assistance. This investigation was 
supported by a grant o Ulf Lagerkvist from the 
Swedish Cancer Society. 
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